Fluorescence microscopy is an indispensable tool for cell biology, because it can be employed to observe the fluorescence intensity and distribution in cells and tissue. By staining the cell with specific fluorescence probes one can measure a large variety of species. Recently two-dimensional fluorescence imaging has come into more widespread use for the biological community; hence, two-dimensional microscopic fluorescence imaging system with minimal cost and good imaging characteristics would be of great assistance to the biological applications. Confocal fluorescence and multiphoton fluorescence microscopy permit 2D and even 3D hyperspectral imaging of different cellular organelles or specific molecules, but their applications are limited by high cost and limited availability.
2D movable mask and a photomultiplier tube (PMT), but this system was restricted to a region of 15 × 17 pixels. 13 The application studies of our previous system to single-cell quantitative analysis indicate that 2D fluorescence microscopic imaging by Hadamard multiplexing is suitable for biological samples. [14] [15] [16] Little has been reported recently on HT spectral imaging for fluorescence microscopy, to our knowledge, except our previous reports for 15 × 17 pixel imaging. [13] [14] [15] [16] Liquid crystal spatial light modulator (SLM) has been applied for Hadamard 2D spectral imaging with a charge-coupled-device (CCD) camera in a fluorescence microscope, 17, 18 but the mathematical operation was prolix because a total of 511 768 × 512 pixel images were collected and the total acquisition time was quite long. Recently in our group, a HT microscopic imaging system which could be used to generate 511 × 512 pixel format images for small samples was developed by using a one-dimensional movable mask and a monochromator with a simplified optical path. 19 Although it could be used for single-cell fluorescence imaging and analysis, the drawbacks in optical design have handicapped its further applications.
In this study we present a novel Hadamard transform fluorescence imaging microscope with compact optics by combining multiplexed imaging technique with a conventional upright fluorescence microscope for single-cell imaging and quantitative measurements of cellular substances. The design and its imaging capability are discussed, followed by the preliminary application for multi-parameter tumor malignancy evaluation based on the measurements of DNA ploidy in single breast tumor cells. The results show that HT fluorescence microscopy is capable of high-speed and sensitive imaging for single cells, and can provides reliable quantitative measurements.
Experimental Apparatus
A schematic diagram of the HT fluorescence imaging microscope is shown in Fig. 1 . The Hadamard encoding system and the grating system are put in the same light-tight box on top of the fluorescence microscope. This consists of a researchgrade fluorescence microscope (Chongqing Optic-Electro Instrument Company), a PC with Pentium-IV CPU, a S7031-0907 TE cooled CCD (-10˚C) with a C7041 driving circuit and a C7557 controller (Hamamatsu, Japan). The CCD contains 512 × 122 effective elements, each with a 24 µm × 24 µm square, so the total effective area is 12.288 mm × 2.928 mm. The Hadamard transform device includes the Hadamard mask, aperture, a mechanical translation device and the stepper motor control electronics. The signal from the CCD must be amplified before being digitalized by a 16-bit AD-DA interface card. A circuit control box is designed to control the movement of the mask and spectrum scanning, and to provide stable light source for both mercury and halogen lamps.
A 511-element cyclic 1D mask was used; each element of the mask is a 12.5-µm slit.
The mask was fabricated photographically on a quartz glass plate of high quality. The aperture is a 6387.5 µm × 6387.5 µm transparent square window which was also fabricated like the mask; it should be fixed rigidly. The Hadamard mask was mounted on a translation stage positioned behind the fixed aperture. The translation stage, which can move horizontally, was mounted with a micrometer head equipped with a stepper motor to control the movement of the mask. The incoming signal from the microscope passes through lens L1 and L2 and the Hadamard aperture. The clear microscopic image of the sample is encoded by the Hadamard mask, which is placed in the primary image plane of the microscope to generate a set of spatial encoding masks defined by a cyclic S-matrix. Then the 511 encoded signals pass through lens L3 and smaller encoded images are shaped, and then they pass through lens L4 and fall onto the imaging grating. The spectra of the encoded signals are imaged onto the CCD. Before generation, a set of spectral images of the sample, the CCD horizontal binning was defined to integrate the intensity over the selected bands; the 122 horizontal pixels were binned as one, so the CCD was used linearly in vertical direction. For each of the 511 mask sequences, fluorescence was acquired as a 512 × array. The spectrally resolved 511 × 512 pixel images were then reconstructed by fast Hadamard transform (FHT). The software was written in Visual C++ 6.0.
The exposure time per frame of the Hadamard sequences was 40 ms for fluorescence images and 5 -20 ms for bright-field transmissions images.
A 0.02 lux CCD camera was used in the experiment for a comparative study with the HT imaging system. The CCD camera was mounted in the vertical light system of this apparatus (Fig. 1 ), and could be used for direct imaging for fluorescence microscopy, with 512 × 512 or 256 × 256 pixel format.
Reagents and samples
Acridine orange (AO) was purified by the standard method. A 50 µg/mL AO solution containing 1% Triton X-100 is used to label the DNA in single cells. Stock solutions of the dyes prepared in double distilled water were stored in a freezer when not in use. All the experimental solutions were buffered at pH 7.4 phosphate buffer (PBS). Cold 70% ethanol was used for cell fixation. Breast tumor smears from fine needle aspiration biopsies (FNABs) were provided by the Department of Pathology, Hubei Cancer Hospital. Twice-distilled water was used throughout the experiment.
Fluorescence staining for DNA in tumor cells
After 5 min fixation with cold 70% ethanol, the smears of tumor specimens (slides) were washed with water three times to remove the ethanol in the cell, then stained with AO probe 702 ANALYTICAL SCIENCES MAY 2006, VOL. 22 solution for 10 min. Then the slides were washed with water and pH 7.4 PBS for three times each, 50% glycerin buffer was also used as the mounting medium for slides. At least fifty cells were measured at random for each case. The mean value of 10 -20 standard cells (normal diploid epithelia in the same tumor specimen) was used as 2c control, and the relative DNA content in individual tumor cell was determined by comparison with it.
Methods for tumor malignancy evaluation
Like our previous study, 16 this system employs some parameters based on the measurements of tumor nuclear DNA ploidy to evaluate tumor malignancy.
The 2c deviation index (2cDI): The 2cDI was defined as the ratio between the sum of squares of the differences between the DNA values of individual cells (ci) and the 2c value and the number of cells measured (n). The other parameters include: mean ploidy (m-Ploidy), the percentage of near-diploid cells (≤2.5c, n -2cR), the percentage of the proliferating cells (2.5 -5c, PR), the 5c exceeding rate (≥5c, 5cER) and the 4c exceeding rate (≥4c, 4cER) are also applied. The 5cER identifies an euploid cells only. A lesion can be classified as malignant if more than 5% of cells contain 4c DNA or more. PR refers to the sum total of the cellular fraction in S and G2+M phases and is expressed as a percentage of the total cell population. In this study, if both 4cER and 5cER satisfy the above conditions, the tumor will be evaluated as malignant (+); none of them satisfy the conditions, benign (-); only one of them satisfy the conditions, suspicious (F). The other parameters are used to evaluate the malignancy degree and the state of DNA replication and proliferating of the tumors.
Results and Discussion

Characterization of imaging properties
In this study, only the square area in the center of the source image will be encoded and detected, thus the x and y dimensions of the recovered 2D image are determined by the CCD and the mask, respectively. The whole optical system serves to make the x and y directions of the encoded source image fill in the 512 elements of the CCD and the linear 511 slits of the encoding mask, respectively. The 512 × 511-pixel format image obtained is a recovered 256-gray-level image for the square source image; thus, each pixel is an approximate square with length-to-width ratio of 512:511, and it can be considered that the image pixel resolutions of x and y dimension are identical under the same magnification. Figure 2A shows the HT fluorescence image of a case of infiltrative ductal carcinoma captured with a 25×/0.65 N.A. objective at 530 nm. AO is a fluorescence chromophore marker for both DNA and RNA. It produces green fluorescence when bound to double-stranded DNA and red fluorescence with single-stranded RNA. The fluorescence signal detected at 530 nm shows the DNA contents in single cells.
The total fluorescence of the individual cells can be easily obtained by adding all the pixel intensity in the region of the cells. If the cell image of satisfactory S/N is obtained, the precise boundary of the individual cell images can be easily determined with the software. Total fluorescence is quite useful because it corresponds to the content of some important cellular species if a specific fluorescence probe is used to label them; thus, it is usually applied for single-cell quantitative analysis.
In comparison with the technique of direct CCD imaging for fluorescence samples, the 512 × 511-pixel image of the same field-of-view was captured with a CCD camera (Fig. 2B ). The comparison of the two images shows that they are similar in fidelity because they were captured with the same imaging lens and that they are identical in image resolution. It shows that the HT image has higher S/N, because its background is quite low, whereas in direct CCD image the background is quite bright. What is more, the CCD camera used in this study has automatic gain control electronics; thus, it is not linear with the fluorescence intensity of the sample and the image obtained is not suitable for cellular quantitative analysis. Although the sensitivity of the two CCDs employs in this microscope is nearly equivalent, the imaging results are different. Figure 2 shows the advantages of the HT imaging for weak signals: (1) HT imaging has better S/N, although its imaging time is longer than direct CCD imaging. In HT multiplexing techniques, with an S matrix of order n, S/N increases by a factor of (n + 1)/2n 1/2 . Therefore, in this study (n = 511) the S/N is 11.3 times better than the conventional detector. (2) HT imaging visualized the intensity difference of individual pixels more precisely, because each pixel is generated by inverse Hadamard transform, and its gray-level is transferred directly from the decoded signal. The HT images contain three dimensions: two spatial dimensions (x, y) and a spectral dimension (I). The xy-dimension shows the spatial location of the cell and the I-dimension shows the distribution of fluorescence intensity of individual cells. Thus the HT imaging microscope can be used to measure cellular substances more accurately than a common CCD camera.
The resolving ability of the HT imaging microscope is also satisfactory to visualize micron-scale cellular structure. The pixel resolution of the HT image is 0.60 µm/pixel when the image is captured with a 25×/0.65 N.A. objective ( Fig. 2A) . This valve is close to the resolving power of the microscope (δ = 0.50 µm, calculated according to δ = 0.61 λ/N.A). When a 100 × oil lens is used, the pixel resolution reaches up to 0.15 µm/pixel, and reaches the limit of optical diffraction. Figure 2 shows that the tumor nuclei have different sizes, with diameters ranging from 10 µm to 25 µm, among them only a small part are normal diploid nuclei with diameter ∼10 µm. The two numbered nuclei in Fig. 3A are a normal diploid nucleus 1 and a high-ploidy cancer cell nucleus 2. Generally, tumor malignancy is related to the shape and size of the tumor cells. Cancer cells are morphologically different from normal cells because of the malignant DNA replication and proliferating. Figure 2 clearly shows that nuclei of cancer cells are much larger than a normal one, and contain several nucleolus.
Comparison of the image and DNA ploidy of the nuclei of malignant and benign tumors
When a tumor case is analyzed, a number of normalized images for the specimen were acquired under the same conditions in order to provide adequate single cells for tumor malignancy evaluation. All the images were obtained at 530 nm under a 25×/0.65 N.A. objective, with exposure time 40 ms, image acquisition time 21 s per frame. Figure 3 shows the comparison of the HT fluorescence images of the nuclei of typical malignant and benign breast tumors.
A typical HT fluorescence image of nuclei of infiltrative ductal carcinoma is shown in Fig. 3A . The variation of fluorescence intensity of all the numbered nuclei indicates that this tumor (Case A) is highly malignant. Nuclei 5, 7, 8 and 10 in this image are normal diploid (2c) cells; the mean of their relative fluorescence intensity is about 27.8, and their diameters are quite uniform (7 -8 µm) . The sizes and the total intensity (57.3) of the nuclei 13 and 14 suggest that they are also diploid, though they are too close to determine their individual intensity. Nucleus 2, 3, 6 and 9 are typical aneuploid, with DNA ploidy high up to 10.2c, 10.8c, 9.1c and 12.6c. Nuclei 1 is a typical tetraploid (4.3c), the others such as nucleus 4, 11, and 12, should be classified as aneuploid because they exceed 5c; the values are 6.0c, 5.9c and 6.1c, respectively.
For this case, nearly one hundred nuclei were measured at random and more than 10 normal 2c nuclei were selected as standards to scale the DNA ploidy of all the measured tumor cells. The DNA distribution histogram of this specimen is shown in Fig. 4A , which clearly shows that the tumor is malignant because half of the cells exceed 5c, and 1% cells even exceed 14c. Along with normal diploid and tetraploid peaks, several aneuploid peaks also appear. As a contrast, an image of nuclei of a case of mastitis (Case B) is shown in Fig. 3B . This shows that no nuclei higher than 5c are found in this specimen. The DNA contents in nuclei 1 -4 are apparently higher than 2c; the measured DNA ploidy values of them are 3.0c, 2.6c, 4.7c and 4.0c, respectively. The sizes and the total intensity (57.3) of the nuclei 13 and 14 suggest that they are also diploid. Although nuclei 5 and 6, 7 and 8 are very close, the results show that these four nuclei are normal diploid, like most of the other unnumbered ones.
The DNA histogram directly reflects the DNA distribution pattern of the measured tumor specimen. DNA histograms of the tumors with different malignancy degrees are significantly different, according to Auer et al. 21 The results ( Fig. 4) show that Case A includes cells with a quite broadly scattered DNA histogram and a cell over 14c appears, whereas Case B includes cells with a narrowly scattered DNA histogram, and no cell over 5c appears.
As for the former case, the 2 important parameters, 2cDI and DNA-MG, which are used to evaluate tumor malignancy degree, reach up to 18.1 and 2.2, respectively; the mean ploidy reaches up to 5.4, and 4cER and 5cER reach up to 71.1% and 51.5%, respectively, whereas the parameters for Case B are quite low (Fig. 4B) . According to the parameter values, the 2 tumors were automatically evaluated as malignant and benign, respectively, and both of them are accordant with the pathological diagnosis: infiltrative ductal carcinoma and mastitis.
In our previous report, we proved the positive correlation between breast tumor nuclear DNA ploidy and its area. Based on this high-resolution microscopic imaging system, the area of all the nuclei in both Fig. 3A and Fig. 3B were easily measured. The results shown in Fig. 5 indicate that a significant linear relationship does exist between the nuclear DNA contents and its area, with the nuclear area ranging from 51.8 to 127.1 µm 2 for common mastitis shown in Fig. 3B and from shown in Fig. 3A . The fitted regression equation between the two variables is y = 7.92 + 2.64x (r = 0.9874).
In flow cytometry, it is believed that low-malignant tumors can be characterized by stemlines in the normal diploid or tetraploid regions, with a relatively small coefficient of variation (CV), whereas high-malignant tumors can be generally distinguished by stemlines in the aneuploid region exhibiting high CVs as well as broadly scattered DNA values far away from the mean stemline values. 21 However, flow cytometry requires preparation of single-cell suspension and measurements of a large number of single cells, and morphologic parameters of the individual cells cannot be measured easily. Our image cytometric method has some advantages over flow cytometry, such as lower cost, the ability to analyze very small specimens and the capability of detecting very high ploidy cells.
Using the above method, we measured the DNA contents of 30 human breast tumor cases; based on DNA measurements, the evaluation of malignancy degree for these tumors were also performed. Table 1 shows the results. By our method, 25 cases were evaluated positive, whereas 24 of them were pathologically diagnosed as different kinds of cancers but case 25 was diagnosed as mastitis. Case 26, which was evaluated as suspicious according to our regulation, was pathologically diagnosed as infiltrative ductal carcinoma. Cases 27 -30 were evaluated as negative by our method, whereas all of them were pathologically diagnosed as benign, which are different fibroadenomas or mastitis. These results are highly concordant with the pathological diagnosis, except case 25.
As case 25 is controversial, we took a deep investigation for the source specimen for this case. The image shown in Fig. 6 was selected from many of the HT images for this case obtained with a 40×/N.A. 1.00 (Glyc) objective; this image clearly indicates that a small number of 5cER cells exist. For example, DNA ploidy of nucleus 1 and 2 in this image reach to 6.1 and 5.9, respectively. Although the evaluation parameter values for this case are quite low (mean DNA ploidy is 3.0, and 4cER and 5cER only reach to 8.3% and 3.3%, respectively), it is necessary to take a deeper pathological investigation and continued observation for this patient.
Reliability of the measurements of DNA ploidy in tumor cells
Two methods were employed to test the reliability of the above studies. First of all, another fluorescence probe for cellular DNA, Ethidium bromide (EB), was used to for a comparison with AO. Secondly, analytical results provided by 2 different operators for the same specimens were compared. Table 2 shows the results of DNA ploidy and malignancy evaluation by using AO and EB staining cells for cases 2 and 9. A statistical analysis shows that no significant difference exists between AO and EB staining for the 2 cases. It was found that AO is more suitable for this system, because the HT microscope is more sensitive to AO-DNA fluorescence (peak wavelength 530 nm) than EB-DNA fluorescence (peak wavelength 600 nm). Table 3 shows the results for case 5 and 27 measured by two operators. It is shown that for both cases most values especially DNA-MG and m-Ploidy are quite close, although they were measured by different people. Similar to Table 2 , the main cause for the differences is that for each specimen only a limited number of tumor cells are randomly measured. However, the difference between the values based on AO or EB staining, or measurement by different operators will never cause an error for tumor malignancy evaluation. Undoubtedly, the more cells are measured, the more precise the results will be. In practice, 50 cell measurement is sufficient if only qualitative evaluation results should be provided. Furthermore, the reports should be based on the same number of cells measured when DNA malignancy grades must be compared between cases.
Conclusion
We successfully developed a Hadamard transform fluorescence imaging microscope, by combining a conventional fluorescence microscope with Hadamard transform multiplexing encoding using a 1D movable mask to realize spatial resolution and a linear CCD for multichannel detection; the system can provide 511 × 512 pixel format image for single cells. Based on the satisfactory characterization of imaging properties, the microscope was applied to multi-parameter tumor malignancy evaluation based on the measurements of DNA ploidy in tumor cells. The microscope was also successfully applied to cellular morphological analysis. The results demonstrated that a significant linear relationship exists between a tumor nuclear DNA contents and its area, and malignant and benign tumors are significantly different in both DNA contents and nuclear area. The results show that the HT imaging microscope is reliable in cellular quantitative analysis. The high potential value of the HT imaging microscope in medicine and cell biology has been demonstrated by the results obtained in this study. Compared with flow cytometry, the image cytometric method has some advantages; these include lower cost, simple operation, and the ability to analyze very small specimens, and the capability of detecting very high ploidy cells. The fact that no destructive enzyme or chemical digestion is required for specimen preparation means that thereby a variety of cytological preparations can be used for it.
